we analyze in detail the development of the different mesencephalic basal nuclei in the absence of Shh. We report that the oculomotor complex is lost, the dopaminergic populations are strongly affected but the red nucleus is maintained. These results point out that not all the midbrain neuronal populations are dependent on Shh for their maintenance, as previously thought. Based on our results and recently published data, we suggest the existence of a specific genetic pathway for the specification of the mesencephalic red nucleus.
Introduction
During development, the embryonic neural tube is segmented along the antero-posterior axis (AP, Puelles and Rubenstein, 2003) . Early on, from rostral to caudal, three major domains are present: the forebrain, midbrain and hindbrain. As development progresses, these domains are subdivided into segments or neuromeres. The forebrain gives rise to the secondary prosencephalon, a complex segment that includes the telencephalic vesicle and the hypothalamus, and the diencephalon, which subdivides into prosomeres 1-3. The mesencephalon remains a unique mesomere while the hindbrain is subdivided into rhombomeres, r1-r7, and pseudo rhombomeres, r8-r11 (Marín and Puelles, 1995; Cambronero and Puelles, 2000; Puelles and Rubenstein, 2003) . Together with these transversal segments, longitudinal domains are also present along the dorso-ventral axis (DV, Shimamura et al., 1995) . From ventral to dorsal, these are the floor plate, basal plate, alar plate and roof plate (Puelles and Rubenstein, 2003) .
The secondary organizers mainly direct the AP and DV patterning events mentioned above. These organizers can be defined as a group of cells located in key regions of the embry- patterning the surrounding tissue. Some of these signals have been identified. For instance, the morphogens Fibroblast growth factor 8 (Fgf8, Crossley and Martin, 1995) and Sonic hedgehog (Shh, Echelard et al., 1993) are good examples of molecules with great potential to induce and pattern surrounding tissue. Three secondary organizers have been detected along the AP axis of the neural tube: the isthmic organizer (IsO) at the mid-hindbrain boundary, the zona limitans intrathalamica (zli) located at the prethalamus-thalamus boundary and the anterior neural ridge (ANR) at the rostral end of the secondary prosencephalon. The IsO and the ANR share Fgf8 as the main signaling molecule and the zli combines the expression of Shh with the presence of Fgf8 at its more dorsal aspect (Echevarria et al., 2003) . The activities of these structures control the AP patterning and segmentation of the anterior neural tube. In relation to the DV axis, two secondary organizers compete to pattern the neural tube (Patten and Placzek, 2002) . On one hand, the floor plate and the axial mesoderm (notochord and prechordal plate) express Shh which is known to have a ventralizing activity (Litingtung and Chiang, 2000) while on the other hand, the roof plate expresses genes of the Bone morphogenetic factor family, BMPs, along with other molecules with dorsalizing activity (Lee and Jessell, 1999) .
The main molecule responsible for ventral fate determination is SHH (Patten and Placzek, 2000; Placzek and Briscoe, 2005; Ingham and Placzeck, 2006) . Accordingly, mouse mutant embryos lacking SHH function have been reported to have a complete absence of floor and basal plate neural structures, among other deficiencies (Chiang et al., 1996; Fogel et al., 2008) . The regional specification and differentiation of the ventral spinal cord has been thoroughly studied and depends on SHH signaling mechanisms (Ericson et al., 1995; Patten and Placzek, 2000; Wijgerde et al., 2002; Bai et al., 2004; Price and Briscoe, 2004; Cayuso and Martí, 2005) . The combination of transcription factors needed to determine each one of the progenitor domains that will subsequently give rise to the different basal populations have been identified Price and Briscoe, 2004) . The graded Shh signaling (Dessaud et al., 2007; Chamberlain et al., 2008) induces the expression in the basal plate of class II homeodomain factors and the repression of class I homeodomain factors. The spatial relation between these two categories is maintained throughout neural development by reciprocal repression. The Nkx family of transcription factors represents the class II homeodomain factors. The combination of their expression domains determines the territories of different progenitors of the neural basal plate (Price and Briscoe, 2004) .
During recent years a similar genetic cascade was corroborated in the hindbrain (Pachikara et al., 2007) and, more recently, in the midbrain (Agarwala et al., 2001; Agarwala and Ragsdale, 2002; Bayly et al., 2007) and forebrain (Bertrand and Dahmane, 2006; Rash and Grove, 2007) . In the later case, there are more factors involved and an intricate genetic cascade is associated with the increase in structural and functional complexity of the forebrain. Meanwhile, the basal midbrain has received special attention as a result of the characteristic nature of its neuronal populations (Agarwala et al., 2001; Agarwala and Ragsdale, 2002; Puelles et al., , 2004 Prakash et al., 2006; Bayly et al., 2007) . The mesencephalic territory, as in the case of the spinal cord and hindbrain, needs the correct positioning of the Nkx family of transcription factors along the basal plate to generate the appropriate progenitor domains for the differentiation of its distinctive neuronal populations (Puelles, 2007) .
These include dopaminergic neurons of the substantia nigra and ventral tegmental area, which are known to be involved in motor control and Parkinson's disease, oculomotor neurons, a small motor nucleus that innervates four of the six muscles controlling eye movement, reticular neurons of the magnocellular red nucleus, involved in the integration of multiple signals in relation with motor coordination, and other more diffuse populations that participate in the reticular formation (reviewed in Puelles, 2007) . Recent data generated by the conditional inactivation of members of the Shh genetic cascade demonstrated that the timing of inactivation proved crucial for the level of alterations of the basal plate morphology (Blaess et al., 2006; Ferri et al., 2007) . The lack of Shh receptor Smoothened (Smo) after 8 days of gestation resulted in the absence of the oculomotor complex and dopaminergic populations (the red nucleus was not analyzed). The same genetic alteration after 11 days of gestation did not generate any obvious phenotype (Blaess et al., 2006) . Moreover, studies on the basal mesencephalic genetic cascade showed that a dorsal expansion of Shh expression domain at embryonic day 8.0 produces a drastic change in the combination of transcription factors and results in disorganized neuronal populations, including dopaminergic neurons and the oculomotor complex, and results in a complete lack of the red nucleus (Puelles et al., , 2004 .
These results prompted us to analyze in more detail the sensitivity of these populations, in particular the red nucleus, to the lack of Shh. To address this issue, we generated conditional mutants inactivating Shh by cre recombinase expressed under the transcriptional control of the En1 promoter. Thus, Shh inactivation is localized in the midbrain and in the rostral hindbrain. This alteration results in dramatic abnormalities in the identity and fate of the neuronal precursor domains.
Results

Shh inactivation
The inactivation of Shh was achieved by the cre endonuclease activity driven by En1 promoter (Kimmel et al., 2000) . The endonuclease excised the Shh exon 2, which was flanked by loxP sequences (Lewis et al., 2001) . Analyzing the embryos after the inactivation of Shh (E8.5 onwards; Puelles et al., 2004; Blaess et al., 2006) , we observed an apparently normal expression of Shh in conditional mutants compared with wild-type littermates. This expression was analyzed with a full-length Shh RNA probe, up to E12.5 (Fig. 1A, C, F and H) . At this stage, the expression in the ventricular epithelium started to appear scattered (arrow in Fig. 1H ) showing that the basal midbrain was developing some abnormalities. We generated a specific probe (ShhE2) directed to selectively discriminate functional from nonfunctional Shh mRNA (see Experimental procedures). This allowed us to observe a complete absence of functional Shh RNA at both sides of the isthmic constriction compared to the wild-type (rostral hindbrain and caudal midbrain) from E9.0 onwards (Fig. 1B, D , G and I) . This result was confirmed by immunohistochemistry with a specific antibody against SHH protein. A transversal section through the midbrain at E10.5 shows that the protein is clearly absent when compared to the wild-type ( Fig. 1E and J) .
Genetic pathway alterations
The observed lack of SHH protein in the tissue must produce a blockage in the intracellular genetic cascade. In order to test the real inactivation of Shh function we analyzed downstream genes in its signaling pathway. Thus, we studied the expression pattern of the SHH receptor Patched (Ptch) and its intracellular messengers of the Gli family (Ingham and Placzeck, 2006; Wang et al., 2007) . All these factors are directly involved in the ventral specification of the neural basal plate. At the same time, one of the possible effects of the lack of Shh activity could be the dorsalization of the affected territory. Therefore, we also analyzed two genes expressed in the alar plate, Pax7 and Dbx1, which represent the class I homeodomain factors, repressed by Shh activity. The expression patterns of these genes allowed us to detect possible expansions of the dorsal domains into the basal plate. At E12.5, Shh can be detected in the wild-type mesencephalic floor and basal plate. We confirmed that in the conditional mutant Shh functional mRNA is absent in this territory ( Fig. 2A and G) . The receptor Ptch is strongly expressed surrounding the Shh positive territory in the wild-type (Fig. 2B) . Likewise, Gli1 presents two patches of strong expression close to the dorsal limit of Shh expression domain (Fig. 2C ). In the conditional mutant, Ptch and Gli1 expression is almost absent (Fig. 2H and I ), an expected result since they are induced directly by Shh. Regarding the alar plate, Gli3 is normally expressed along the wild-type alar and roof plate (Fig. 2D ). Its expression in the conditional mutant seems unaffected by the lack of Shh (Fig. 2J) . We also examined the apparently normal midbrain alar plate through the expression pattern of Pax7 and Dbx1, two members of the class I homeodomain genes. Surprisingly, their expression appeared fairly unaltered by the absence of Shh when compared to the wild-type expression patterns (Fig. 2E , F, K and L). 
Midbrain morphology and isthmic organizer alterations by Shh inactivation
We then analyzed the gross morphology of the midbrain in early stages of development to evaluate the effect of the inactivation in determination of the mesencephalic territory. The relationship between the expression patterns of Otx2 and Pax6 was used as a tool to determine the general dimensions of the mesencephalon. Otx2 clearly labels the rostral neural tube until the mid-hindbrain boundary and Pax6 expression in the forebrain limits with the mid-forebrain border. At E10.5, the conditional mutant displays a rather average midbrain along the anteroposterior axis ( Fig. 3A and B) . This situation is also maintained at E12.5 ( Fig. 3C and D) . At this stage Pax6 displays a longitudinal band along the basal plate of the midbrain. This band is completely absent in the conditional mutant. This absence was the first sign of alterations in the mesencephalic tegmentum (arrow in Fig. 3C and D). The apparently normal gross midbrain could be explained by the fact that the size contribution of the basal plate to the general dimension of the midbrain is rather small. The IsO regulates the specification of the midbrain territory. For that reason, we analyzed the development of the IsO in the absence of functional Shh using the expression patterns of Fgf8 and Wnt1 as molecular markers. At E10.5, the expression of these two genes indicates that the isthmus is generated and displays a normal shape (Fig. 3E , F, I and J). The expression pattern of Wnt1 also shows that the midbrain roof plate appears unaffected by the lack of Shh in the floor plate of conditional mutant embryos ( Fig. 3K and L) . Nevertheless, at E12.5 the size of the isthmic ring is clearly reduced in the DV axis, although it retains its normal shape and Fgf8 and Wnt1 expression patterns (compare brackets in Fig. 3G , H, K and L). The reduction in size of the IsO prompted us to analyze the possible role of cell death or changes in proliferation rate to account for the phenotype observed. We analyzed early conditional mutant embryos in consecutive days from E9.5 to E13.5 and they did not show any significant increase in the number of apoptotic cells in the area of interest (data not shown). However, a sizeable change in proliferation rate was found in the mesencephalic basal plate at E10.5 and 11.5 conditional embryos ( Fig. 4A-D) . At E10.5 the number of proliferative cells was reduced almost up to 50% (Fig. 4G ). This reduction seemed even higher at E11.5. However, the shape of the ventricular surface in the conditional mutant may have interfered in this particular result ( Fig. 4G ). At E12.5 the proliferation rate of both, wild-type and conditional mutant, was equivalent ( Fig. 4E and F) . Mostly due to the fact that the basal plate, at this stage, is at the end of its proliferation phase. This change could account for the reduction in size of the IsO.
Midbrain basal plate neuronal differentiation
Next, we analyzed the differentiation of the midbrain basal and floor plate in the conditional mutant. From medial to lateral, the populations studied were: dopaminergic cells (ventral tegmental area and substantia nigra, labeled with aTH), motoneurons (oculomotor complex labeled with aIslet1) and reticular formation (red nucleus labeled with aPou4f1). From early stages, we could already observe a clear change in the populations generated, as well as a malformed ventricular shape with a flattening of the sulcus limitans (arrowheads in Fig. 5A and F) . This is an evidence of a deep change in the cellular proliferation of the territories surrounding the sulcus due to the lack of the morphogen.
Dopaminergic populations
At E12.5, the dopaminergic cell population was reduced. Some scattered and disorganized positive cells appeared close to the ventral midline ( Fig. 5A and F) . Later on, at E18.5, the phenotype persisted. At this stage, the strong reduction in the mesencephalic dopaminergic neurons became evident. The TH positive cells were located close to the floor plate along the midbrain and only some cells appeared scattered in the surrounding mantle layer (Fig. 5B and G) . Almost no positive cells can be detected in the presumptive area corresponding to the ventral tegmental area and the substantia nigra appeared strongly reduced.
To test the possible reasons for the drop in the number of positive TH neurons we studied the proliferation rate of the area of interest and early markers for this population, Lmx1a and Lmx1b. At E10.5, as mentioned before, a significant reduction in the proliferation rate is detected in the basal midbrain ( Fig. 5C and H) and simultaneously the expression of Lmx1a and Lmx1b, two of the early components of the dopaminergic differentiation genetic mechanism, are strongly reduced (Fig. 5C, D, H and I) . The mean number of Lmx1a proliferating cells is 15.8 in the wild-type and 5.7 in the conditional mutant. There is a statistically significant difference between the two mean values (P = 0.011). To further analyze the role of the decreased proliferation rate in the dopaminergic phenotype described, we performed long BrdU pulses. We labeled proliferating cells at different stages of development (E10.5 to E13.5) and analyzed the dopaminergic fate at E15.5. We only detected double labeled cells (TH and BrdU) in embryos labeled at E12.5. As shown before the number of dopaminergic neurons was dramatically reduced as it was the number in proliferating cells in the conditional mutant (quantification in Fig. 5K ). This result suggests that the defect in proliferation Fig. 4 -Proliferation analysis of the basal midbrain in E10.5 (A, B), E11.5 (C, D) and E12.5 (E, F) wild-type and conditional mutant embryos with BrdU immunostaining on transversal sections. Dashed-box indicates the portion of tissue used for quantification (one third of the total size of the section, which includes the basal plate). The table in (G) represents the quantification of BrdU labeled cells. Each column represents the mean value of labeled cells at the given stage in wild-type and conditional mutant. At E10.5 wt mean value was 54.0 ± 7.6 and conditional mutant was 27.0 ± 8.8 * . At E11.5 wt 78.7 ± 4.3 and conditional mutant 27.3 ± 3.2 * . At E12.5 wt 5.6 ± 0.9 and conditional mutant 8.6 ± 0.4 * . * P < 0.001. The number of proliferating cells is dramatically reduced at E10.5 and E11.5. At E12.5 there is a difference statistically significant, although the reduced number of cells could affect the statistical analysis.
is responsible for the decrease in dopaminergic cells. Recently, other molecules apart from Shh have been implicated in the induction of the dopaminergic neurons. One of them is Foxa2 (Ferri et al., 2007; Kittappa et al., 2007) , the absence of the Foxa genes produced a complete loss of the mesencephalic dopaminergic neurons. In our conditional mutant at E10.5, the expression of Foxa2 was slightly disorganized but maintained (Fig. 5E and J) , which could account for the maintenance of Lmx1a and Lmx1b expression and the specification of the remaining dopaminergic neurons.
2.6.
Oculomotor complex
At E10.5 we were able to detect some Islet1 positive cells in the wild-type and in the conditional mutant embryos (Fig. 6A and D). Nevertheless, at E12.5, the oculomotor complex was completely absent in the conditional mutant ( Fig. 6G and J) . This phenotype was persistent at E18.5 (data not shown). We analyzed the Nkx family of transcription factors in order to elucidate the alterations in the differentiation program responsible for the phenotype observed in the conditional mutant. Its members are involved in the determination and differentiation of neuronal populations present in the midbrain basal plate (Puelles, 2007) . In the wild-type mice, at E10.5, Nkx2.2 is expressed in a wide band at the most dorsal aspect of the basal plate (Fig. 6B) . At E12.5, its expression is refined in a narrow band extending from the ventricular to the pial surface ventral to the alar-basal boundary. A positive patch of cells can also be found in the alar mantle layer (arrow in Fig. 6H ). In the conditional mutant at E10.5, the wide band of Nkx2.2 expression was missing however a small patch of positive cells in this early mantle layer was detected (Fig. 6E) . At E12.5, the mutant phenotype was maintained and the remaining positive patch of Nkx2.2 expression now seems to correspond with the one present in the wild-type (Fig. 6K) . The murine expression pattern of Nkx6.1 at E10.5, and later on at E12.5, consists of two positive ventricular domains, one ventral to the Nkx2.2-positive stripe and another one dorsal to it ( Fig. 6C and I) . At E10.5, some Nkx6.1 positive cells, which originated in the ventral domain, can already be found in the mantle layer. These positive cells correspond with the early born motorneurons of the oculomotor complex ( Fig. 6A and C ; Puelles et al., 2001) . Surprisingly, in the conditional mutant at E10.5, the expression of Nkx6.1 was detected but the presence of the two domains was less obvious than in the wild-type (Fig. 6F ). In the mantle layer some Nkx6.1 positive cells corresponded with the Islet1 positive motorneurons ( Fig. 6D and F) . At E12.5, the dorsal ventricular domain was absent but the ventral domain was maintained (Fig. 6L) . The Nkx6.1 positive cells in the mantle layer were completely lost. This result is consistent with the absence of the oculomotor complex in the conditional mutant ( Fig. 6J and L) . 
Red nucleus
At E12.5, the main component of the mesencephalic reticular formation, the red nucleus, can be recognized in the wild-type by the expression of Pou4f1. The red nucleus was detected as a round mass in the mantle layer of wild-type mesencephalon (Fig. 7A) . Surprisingly, this nucleus was maintain in the conditional mutant (Fig. 7D ) However, it displayed some disorganization; some Pou4f1 positive cells took up an ectopic ventral position, crossing the ventral midline (arrow in Fig. 7D ), and they colonized the putative location of the absent oculomotor complex. The colonization of this new territory was due to the disorganization of the Pou4f1 positive neurons. The quantification analysis did not show a significant increment in the number of cells in the conditional mutant. The total number of Pou4f1 positive cells in the E18.5 midbrain is 1661 (mean value) in the wild-type and 1477 (mean value) in the conditional mutant. The difference between these two values is not statistically significant (P = 0,333). At E18.5, the maintenance of the red nucleus was confirmed. The Pou4f1 positive population appeared slightly diffused and the usual compacted shape of this nucleus was less obvious (Fig. 7B and E) .
The red nucleus is organized in two subpopulations, the parvocellular part located in the posterior diencephalon and the magnocellular part located in the mesencephalon (Massion, 1967) . In order to corroborate the maintenance of the mesencephalic rubral portion we compared, at E12.5, the expression pattern of Pou4f1 and Pax6. In the wild-type these two expression patterns displayed a sharp boundary between the alar diencephalon and alar midbrain. In the basal plate the red nucleus was clearly labeled and was accompanied closely by a dorsal Pax6 positive stripe in the midbrain and a not so close positive band in the pretectum (arrowhead in Fig. 7C ). In the conditional mutant the mesencephalic positive band of Pax6 was missing (arrow in Fig. 7F ) but the diencephalic one was still present (arrowhead in Fig. 7F ). The comparison between the expression patterns allowed us to conclude that the magnocellular portion of the red nucleus is still present in the conditional mutant, even if the caudal portion showed a weaker expression of Pou4f1 (Fig. 7F) .
In order to elucidate the possible causes of the maintenance of this basal nucleus, and based in recently published works, we analyzed the expression pattern of Foxa2 and members of the Nkx family of transcription factors. As reported before, at E12.5, Nkx6.1 was still present in the ventral expression domain (Fig. 7G and J) . We also studied the expression pattern of Nkx6.2, another member of the Nkx family of transcription factors. In the wild-type mice, at E12.5, Nkx6.2 in the midbrain was detected as a rounded mass in the mantle layer (Fig. 7H) . This mantle layer corresponded radially to the ventricle positive for Nkx6.1. The expression of Nkx6.2 not only was maintained but also increased in the conditional mutant (Fig. 7K) . This positive area also correlated with the presumptive location of the red nucleus (compare Fig. 7D with Fig. 7K ). The maintenance of Nkx6.1 and Nkx6.2 expression in this ventral territory in the conditional mutant seemed thus independent of SHH function. The maintenance of this expression patterns and the induction of the red nucleus neurons could be due to the remaining Foxa2 expression in the affected area (Fig. 7I and L) . 
Discussion
Altogether, our findings point out the different behavior of the midbrain basal plate populations in the absence of Shh. We found extremely sensitive nuclei such as the oculomotor complex, less affected nuclei such as the ventral tegmental area and the substantia nigra and others almost unaltered such as the red nucleus. To explain the differences in Shh requirement by the mesencephalic basal nuclei we propose the existence of at least two different mechanisms for ventral midbrain specification, one being Shh-dependent and the other one being Shh-independent.
Shh inactivation and genetic pathway alterations
The conditional inactivation has revealed that Shh mRNA transcription is not affected by the lack of the functional protein. Therefore, Shh transcriptional control does not depend exclusively on its own activity, but on other factors present in the neural floor plate and mesodermal notochord as well. A postulated candidate to regulate the expression of Shh is the transcription factor Foxa2, a molecule involved in floor and basal plate specification (Ang and Rossant, 1994; Ruiz i Altaba et al., 1995; Placzek and Briscoe, 2005; Ferri et al., 2007) . Foxa2 has binding sites in the Shh enhancer and it is involved in early up-regulation of Shh (Jeong and Epstein, 2003) . This molecule is also required to regulate the specific induction of Shh in particular territories along the DV axis of the neural tube (Epstein et al., 1999) . In the wild-type, this candidate gene is strongly expressed in the mesencephalic floor and basal plate. In our conditional mutant Foxa2 is still expressed, although its expression pattern shows some disorganization. Altogether, our data support the role of Foxa2 in the transcriptional control of Shh expression.
As expected, the conditional inactivation of Shh produces severe alterations in the expression of the downstream members of its genetic mechanisms. However, the Shh negative basal plate did not suffer a dorsalization. A plausible explanation for this event is the timing of Shh pathway inactivation. The knockout of the gene undergoes a complete dorsalization of all the basal neural tube (Chiang et al., 1996; Fogel et al., 2008) . Meanwhile, the early conditional inactivation of Smo driven by En1 (Blaess et al., 2006) generates strong basal alterations and only a partial dorsalization of the mesencephalic basal plate. Our data show the same early inactivation of Shh produces a phenotype less severe and the basal midbrain does not express dorsal markers. Thus, we were able to modify the differentiation program of the basal plate without a dorsalization of this territory, making possible to discern other factors also important for basal plate differentiation. The difference between Smo and Shh conditional phenotypes is probably due to the fact that the two conditional mutants stop the Shh signaling pathway at slightly different levels. The inactivation of Smo produces a rather sudden blockage In situ hybridization of transversal sections using the probe for Nkx6.2 (H, K), notice that the expression is maintained in the mutant and it seems increased, and the probe for Foxa2 (I, L). Abbreviations: RN, red nucleus; Di, diencephalon; Mb, midbrain.
of the mechanism, while the inactivation of Shh displays a subtle delay probably due to the different nature and behavior of the two proteins among other possibilities (Ingham and Placzeck, 2006) . The late conditional inactivation of Smo or Shh driven by Nestin (Blaess et al., 2006; Ferri et al., 2007) does not produce any apparent phenotype in the basal midbrain. These data support the idea that the timing of Shh effect is crucial in the determination of the basal neural tube.
The normal expression of dorsal markers in the Shh conditional mutant supports the recent theory of dorsal neural tube specification, which postulates Wnt signaling controls dorsal specification through the canonical b-catenin/Tcf pathway. The dorsal expression of Gli3 is regulated directly by these pathways and it restricts the Shh ventralizing activity (Alvarez-Medina et al., 2008) . Thus, in the Shh conditional mutant, the expression of Gli3 is unaffected because Wnt1 signaling is not modified.
Midbrain morphology and neuronal differentiation
The macroscopic morphology of the midbrain was not affected by the inactivation of Shh. This morphogen has no direct role in the determination of the different AP segments as it has also been demonstrated in the Shh knockout (Ishibashi and McMahon, 2002) . It has been reported that alterations in one of the secondary organizers that regulate midbrain specification produces alterations in the other (Hynes et al., 1995; Zhang et al., 2000; Aoto et al., 2002; Alexandre and Wassef, 2005; Blaess et al., 2006; Bayly et al., 2007) . In our conditional mutant the IsO was reduced in size but it retained the expression of the organizing factors. It has been reported that the functionality of the IsO is retained even with half the normal dosage of Fgf8 (Meyers et al., 1998) . This means that the amount of Fgf8 present in our reduced isthmic ring is sufficient for the general morphology of the mesencephalon to be maintained. The reduction in the proliferation rate found at E10.5, crucial developmental stage of the precocious basal plate, may explain the change in size of the isthmic constriction as well as the apparent reduction of the midbrain tegmentum. Shh is involved not only in patterning but also in proliferation and survival of the neuronal precursors (Cayuso et al., 2006) .
The mesencephalic dopaminergic populations were strongly reduced in the conditional mutant. This verifies the role of Shh in the intricate genetic cascade controlling dopaminergic nuclei differentiation (Hynes et al., 1995) . Its principal role seems related with the control of the proliferation rate needed to generate this population. The remaining dopamine populations could be accounted for by the current dopamine origin theory (Smidt and Burbach, 2007) . All the dopamine neurons share a common mechanism necessary to achieve the correct neuronal phenotype, but they display slight differences in their differentiation program to generate diverse migratory routes to their final destinations, the different dopaminergic nuclei. One factor that has been implicated in this process is the Foxa2 gene (Ferri et al., 2007; Kittappa et al., 2007) . The Foxa1 and Foxa2 double mutant displays a complete loss of dopamine neurons (Ferri et al., 2007) even though Shh should still be expressed. In our conditional mutant Foxa2 is still express, what could be the reason why we still find dopamine neurons. The lower number of dopamine cells is related with a decrease in the proliferation rate combined with a reduction in this neuronal subtype specification. This last event is detected by the expression of Lmx1b, key member in the genetic cascade involved in dopamine determination (Smidt et al., 2000; Andersson et al., 2006; Abeliovich and Hammond, 2007) . The decrease in proliferation rate due to the lack of Shh is in agreement with reports of a temporal distribution of Shh function. According to recent studies, early on in development Shh would be involved in the survival of the basal, young neuroblasts, enhancing their proliferation, and finally patterning the resulting basal territory (Dahmane et al., 2001; Ishibashi and McMahon, 2002; Cayuso et al., 2006; Ingham and Placzeck, 2006; Cai et al., 2008) . Therefore, in our conditional mutant the cell survival role of Shh was not affected but the proliferation rate and patterning roles were affected. A similar defect in proliferation has been described in the chick embryo after Shh signaling disruption caused by notochord manipulations (Britto et al., 2002) .
The oculomotor complex is completely lost in the conditional mutant. Nevertheless, we demonstrated that some motorneurons are born, which confirms that these neurons are specified very early in development (before E9.5, therefore almost simultaneously to Shh inactivation; Easter et al., 1993; Mastick and Easter, 1996) , but fail to be maintained later on in the absence of Shh. The early motorneurons induction directly depends on the Nkx6.1 induced expression by Shh (Sander et al., 2000; Mü ller et al., 2003) . This mesencephalic population does not depend on the Foxa genes, since in the double mutant this population is normally generated (Ferri et al., 2007) . For the first time, we demonstrated that Shh is essential not only for motorneuron induction (Tanabe et al., 1995; Ericson et al., 1995; Watanabe and Nakamura, 2000) , but also for the subsequent maintenance and survival of this neuronal population.
In relation to the mesencephalic reticular formation, the red nucleus (main component in this formation) is not only specified in the absence of Shh but also maintained almost unaltered. The presence of this neuronal population was detected by the expression of Pou4f1 (formerly known as Brn3a). The absence of this transcription factor generates the loss of the red nucleus (McEvilly et al., 1996; Xiang et al., 1996) . Pou4f1 expression and therefore, the generation of the red nucleus depend on ventral and isthmic signaling (Fedtsova and Turner, 2001 ). The conditional inactivation of Shh allowed us to determine that other factors, apart from Shh, could be required in the specification of the ventral midbrain. Our main candidate involved in the maintenance of the red nucleus is the transcription factor Foxa2 (Placzek and Briscoe, 2005) . In the midbrain, Pou4f1 and Foxa2 expression shows a complete overlap. Moreover, the Foxa1 and Foxa2 double mutant lacks the expression of Pou4f1 and thus, the red nucleus (Ferri et al., 2007) . Based on our results and published data, an speculative mechanisms of action for the Foxa2 gene could relay on the activation of Nkx6.1 and Nkx6.2, members of the Nkx transcription family, which have been related with ventral patterning (McMahon, 2000; Briscoe and Novitch, 2008) . The impairment of Foxa function causes the loss of the red nucleus probably due to the absence of the ventricular expression of Nkx6.1 (Ferri et al., 2007) . In our conditional mutant, Nkx6.1 and Nkx6.2 expression is maintained in the absence of Shh. The analysis of the Nkx6.1 promoter detected Shh dependent and independent enhancer regions (Cai et al., 2000) . The Nkx6.2 expression, at E12.5, appears to overlap with the presumptive area of the red nucleus based on the Pou4f1 expression domain. Overall, the combination of Nkx6.1 expression in the ventricular progenitors that could give rise to the red nucleus together with Nkx6.2 expression in the presumptive rubral postmitotic neurons may be responsible for the maintenance and differentiation of the red nucleus.
For the first time, we show that the maintenance of a basal plate nucleus is independent of Shh function. We speculate that a genetic cascade ruled by Foxa2 through Nkx6.1, Nkx6.2 and Pou4f1 could act as an alternative genetic mechanism for basal plate differentiation. This mechanism should be independent but interrelated with the general ventralizing pathway ruled by Shh.
3.3.
Experimental procedures
Generation of mouse models
The age of the embryos was determined by designating noon of the day a vaginal plug was detected as E0.5. The Shh conditional mutant contains the Shh tm2AMC allele in homozygosis (loxP sequences flanking Shh exon2). It was generated by Andrew McMahon laboratory as previously reported (Lewis et al., 2001 ). The En1 promoter drives cre endonuclease expression; the transgenic line was generated in Wolfgang Wurst laboratory and was previously reported (Kimmel et al., 2000) . The conditional mutant embryos were generated crossing double heterozygous males (En1 ) with homozygous Shh conditional females.
In situ hybridization
In situ hybridization was performed as previously described (Vieira and Martinez, 2006) . RNA probes were prepared from plasmids kindly provided by A. Simeone (Shh, Dbx1, Foxa2, Gli1, Gli3, Nkx6.2, Otx2, Pax6, Pax7, Ptch, Pou4f1 and Wnt1) and P. Crossley (Fgf8) . Lmx1a and Lmx1b probes were generated in W. Wurst laboratory. The specific probe against Shh exon2 (ShhE2) was generated as a PCR fragment amplified from the Shh full-length plasmid (sense, 5 0 -TTAAATGCCTTG GCCATCTC-3 0 ; antisense, 5 0 -CAGTGGATGTGAGCTTTGGA-3 0 ).
Immunohistochemistry
Wax embedded embryos were sectioned in parallel series and incubated with different antibodies: aBrn3a (currently known as Pou4f1), Santa Cruz Biotechnology Inc. Cat. N°s c8429, 1:20; aIslet1, Hybridoma Bank Cat. N°39.4D5, 1:13; aNkx2.2, Hybridoma Bank Cat. N°74.5A5, 1:7; aNkx6.1, Hybridoma Bank Cat. N°F55A10, 1:20 and aShh, Santa Cruz Biotechnology, Inc. Cat. N°sc9024, 1:100.
Apoptosis and BrdU staining
Apoptotic cells were detected with In situ Cell Death Detection Kit, POD (Cat. N°11684817910 Roche) following the manufacturer protocol.
Proliferation rate analysis was studied in consecutive days from E9.5 to E13.5. Pregnant females were killed two hours after intraperitoneal injection of BrdU solution (50 mg per kg of body weight). The analysis of the dopaminergic fate was analyzed with long pulses of BrdU from E10.5 to E13.5. Pregnant females at any given stage received 4 injections (one every two hours) and were sacrificed at E15.5. The incorporation of BrdU was detected with aBrdU, Dako cytomation Cat N°M0744 1:100.
Quantification analysis
The quantification of the short pulse experiments was performed on two different embryos per stage. We selected the pure transversal sections to the midbrain. Each section was divided in three equal domains along the dorso-ventral axis and each side (left and right) was counted independently. In the ventral domain (containing the basal plate) we counted all the BrdU positive cells. The mean value obtained and the standard deviation is represented in a columnar graph. Data were analyzed by a Student's t-test. Statistical significance was designated as P < 0.001.The quantification of the long pulse experiments was performed on two different embryos per stage of BrdU injection. Four BrdU injection, one every two hours, was administered to pregnant females at different stages, from E10.5 to E13.5. Embryos were collected at E15.5. Transversal sections to the midbrain were selected and the doubled labeled cells of different slides were added to represent all the cells in the mesencephalon expressing TH and BrdU. The mean value and the standard deviation obtained are represented in the graph. The data were analyzed by a Student's t-test and statistical significant was designated as P < 0.001.
